Background: Chronic obstructive pulmonary disease (COPD) is the 4 th leading cause of mortality worldwide. Longacting bronchodilators are considered first line therapies for patients with COPD but their effects on mortality are not well known. We performed a comprehensive systematic review and meta-analysis to evaluate the effects of longacting bronchodilators on total mortality in stable COPD.
Introduction
Chronic obstructive pulmonary disease (COPD) affects more than 300 million people worldwide [1] . It is currently the 4 th leading cause of mortality accounting for nearly 3 million deaths annually and is the only major cause of mortality that is increasing in both the developed and developing countries [2] . By 2020, it will become the 3 rd leading cause of death (accounting for 5 million deaths per year) and the 5 th leading causing of disability worldwide [2] . Expert guidelines recommend the use of longacting bronchodilators as first-line therapies for patients with persistent symptoms [3, 4] . However, their effect on mortality remains controversial. A previous meta-analysis suggested that inhaled long-acting anticholinergic bronchodilators had no effect on total mortality [5] . On the other hand, a secondary analysis of the UPLIFT trial suggested a mortality benefit [6] . Similarly, although the TORCH trial suggested a modest mortality benefit with inhaled corticosteroid/long-acting beta-2 agonist combination (ICS/LABA), meta-analyses suggested that they may only reduce mortality when compared to placebo [7] or ICS alone [8] but not to LABA alone [7] . However, there were several limitations to the prior meta-analyses, which may have led to some of the discordant findings. First, the prior meta-analysis on tiotropium did not include data from the recently completed UPLIFT trial. Second, prior meta-analyses did not address the effect of LABA on total mortality, making it difficult to assess whether or not LABA can be used as a reasonable comparator for ICS/LABA. Third, the findings from the ICS/ LABA on mortality are dominated by data from one trial (i.e. TORCH), raising doubts about the robustness of the results from previous meta-analyses. Fourth, and most importantly, many of the previous trials of ICS/LABA used a factorial design. However, none of these studies had sufficient power to assess interactions between treatments or to adjust for multiple comparisons. From a methodological perspective, it is essential that the active treatment drugs be compared against one (primary) reference group (and not to each other) unless adjustments are made for multiple comparisons [9] . To address these limitations and to determine the effects of these drugs on total mortality in COPD, we performed a systematic review and meta-analysis with and without TORCH for ICS/LABA and inclusive of UPLIFT for tiotropium. Importantly, to maintain statistical integrity, for trials that used a factorial design, we determined survival effects of the primary active treatment drug against the principal comparator group identified a priori in each of the individual studies.
Methods

Data Sources and Searches
We examined the relationship of tiotropium, a long-acting anticholinergic, as well as formoterol and salmeterol, which are long-acting beta-2 agonists, by themselves or in combination with an inhaled corticosteroid to all-cause mortality. Using MEDLINE, EMBASE and Cochrane Systematic Review databases, we conducted a detailed literature search to identify high-quality randomized controlled trials of tiotropium, formoterol, salmeterol, formoterol/budesonide or salmeterol/fluticasone in patients with stable COPD in which total mortality was reported. We supplemented the electronic search by reviewing the bibliographies of selected articles, examining review articles on this topic and contacting experts in the field. Studies in abstract form were included only if the methods and results could be adequately analyzed.
Study Selection
We restricted the search to studies that were conducted in adults (>19 years of age), had follow-up of 6 months or greater, and were published in the English language with a Jadad score of 3 or greater [10] . We restricted the duration to 6 months to ensure that patients had a reasonable window of exposure to the drugs. We excluded trials in which there were no deaths. The details of the search are provided in Additional File 1.
Data Extraction and Quality Assessment
Data were abstracted from each trial by 2 authors (A.K, D.D.S) independently using a standardized data abstraction form. Any discrepancies were resolved by iteration and consensus. The primary endpoint was total mortality (regardless of the cause). Disease specific mortality was not determined as assigning causality to deaths in COPD is problematic and fraught with errors [11] . The trials were stratified according to the study drug and to the main comparator group. For analytic purposes, the active treatment compound (i.e. tiotropium, formoterol, salmeterol or formoterol/budesonide or salmeterol/fluticasone) was compared against the main reference group. In most cases, the main reference group was placebo; however, we also included studies in which the main comparator was another active drug (e.g. tiotropium or salmeterol). Quality of the trials was assessed using the QUOROM guidelines as well as using the Jadad scale [10] .
Data Synthesis and Analysis
The results were analyzed by intention-to-treat whenever possible. To maintain the statistical integrity of the original trial, for studies that used a factorial design, we determined the mortality rate of the active treatment drugs against one (primary) reference group (e.g. placebo) that were identified a priori. This mitigated the possibility of post hoc analyses. To be conservative, a DerSimonian and Laird random-effects model was used to pool the results of individual trials together. The results are reported as relative risks (RR) and 95% confidence intervals (CI). Heterogeneity of results across individual studies was examined using a chi-square test. All analyses were conducted using RevMan version 5.0 (the Cochrane Collaboration, Oxford, England).
Results
The search results are shown in figure 1 . The baseline patient characteristics of the selected studies are summarized in Table 1 . We identified 6 trials that compared salmeterol/fluticasone combination against placebo (n = 2781 in active treatment vs 2487 in placebo), 4 trials that compared formoterol/budesonide against placebo (n = 1233 vs n = 1242), 1 trial that compared salmeterol/fluticasone against tiotropium (n = 658 vs 665) and 6 trials that compared salmeterol/fluticasone against salmeterol by itself (n = 2094 vs n = 2088). One trial was excluded as treatment with salmeterol/fluticasone or salmeterol alone was in addition to tiotropium, which could have led to significant drug to drug interactions [12] . The collective results of inhaled corticosteroid/long-acting beta-2 agonist combination are summarized in figure 2. In total, there were 269 deaths in the inhaled corticosteroid (ICS)/ long acting beta-2 agonist (LABA) arm (n = 6766) and 333 deaths in the reference group (n = 6482) for a relative risk of 0.80 (95% CI, 0.69 to 0.94; p = 0.005) in favor of the active treatment group. The results were largely driven by data from Calverley et al, which accounted for 74% of the total weight [13] . The data, however, were robust to the exclusion of Calverley et al's study. Its exclusion resulted in a similar risk estimate in favor of ICS/LABA combination (RR, 0.73; 95% CI, 0.54 to 0.99; p = 0.04) (figure 3).
The comparison between ICS/LABA and placebo (excluding studies that did not use a placebo comparator) was also significant (RR, 0.83; 95% CI, 0.70 to 0.98; p = 0.03; see figure 4 ).
We identified 5 trials that compared salmeterol against placebo. There were 222 deaths in the salmeterol group (n = 2795) and 254 deaths in the placebo group (n = 2805) for a relative risk of 0.88 (95% CI, 0.75 to 1.04; p = 0.13) (figure 5). There were 4 trials that compared formoterol against placebo. In these studies, there were 24 deaths in the formoterol group (n = 1235) and 19 deaths in the placebo group (n = 1242) for a relative risk of 1.23 (95% CI, 0.61 to 2.46; p = 0.57). In total, the long-acting beta-2 agonists by themselves did not significantly alter total mortality in COPD (RR, 0.90; 95% CI, 0.77 to 1.06; p = 0.21). We identified 9 clinical trials that compared tiotropium against placebo but one study reported no deaths and data from one of the studies overlapped substantially with another, leaving 7 clinical trials for analysis ( figure 6 ). In all, there were 431 deaths in the tiotropium group and 453 deaths in the placebo group for a relative risk of 0.94 (95% CI, 0.80 to 1.11; p = 0.46). There was one study that compared tiotropium against ipratropium (RR, 1.51; 95% CI, 0.41 to 5.50; p = 0.53) [14] and one that compared tiotropium against salmeterol/fluticasone combination (RR, 1.79; 95% CI, 1.06 to 3.02; p = 0.03) [15] . In sum, tiotropium was not associated with total mortality (RR, 1.08; 95% CI, 0.79 to 1.48; p = 0.61). As a sensitivity analysis, we excluded studies that compared tiotropium against a comparator other than placebo or ipratropium bromide and repeated the analysis. This made no material impact on the results (figure 7). Tiotropium was not associated with total mortality (RR, 0.94; 95% CI, 0.83 to 1.06; p = 0.33).
Discussion
The most important findings from the present metaanalysis were that 1) inhaled corticosteroids (ICS) in combination with a long-acting bronchodilator (LABA) were associated with a ~20% reduction in total mortality; whereas LABAs or long-acting anticholinergics by them- selves did not alter mortality; and 2) these data were robust to the inclusion or exclusion of the TORCH and UPLIFT trials. These findings are largely in keeping with previous observational studies, which have shown for the most part enhanced survival with the use of ICS/LABA combinations and a lack of survival benefits of short or long acting bronchodilators by themselves [16] [17] [18] . However, our findings appear discordant with a recent meta-analysis published by Rodrigo and colleagues [19] , which failed to find a significant difference in total mortality between those treated with ICS/LABA and those treated with LABA only (though the point estimate was 0.90 in favor of ICS/LABA). However, this study excluded trials that did not have a LABA arm and failed to capture more recently published clinical trials (e.g. studies by Tashkin et al [20] and Rennard et al [21] ). By adding these additional studies, the present meta-analysis had greater statistical power to determine the relationship of ICS/LABA combination to total mortality. More importantly, in the present meta-analysis, we compared the active treatment groups (i.e. ICS/LABA or LABA or tiotropium) against the primary reference group of the trial in order to preserve the integrity of the original trial design and avoid the problem of multiple comparisons and post hoc analyses. Thus, for the trials that used a 2 × 2 factorial design, we compared the mortality effects of the active treatment arm against the main reference group of the trial (which in most cases was placebo) as the original trials did not have sufficient power to assess interactions between the groups or to correct for multiple comparisons [22] . The mechanism by which ICS/LABA combination reduces total mortality in COPD is uncertain. It is now well recognized that COPD is an inflammatory disorder, characterized by persistent lung and systemic inflammation, which intensifies with disease progression and during clinical exacerbations [23, 24] . Once COPD develops, the inflammatory response continues to persist many years after smoking cessation [25] . Although the inflammatory process in COPD may be relatively insensitive to the actions of glucocorticoids, the addition of a long-acting beta-2 agonist to an inhaled corticosteroid appears to amplify their anti-inflammatory effects both in vitro [26] and in vivo [27, 28] . For instance, Bourbeau and colleagues found that 3 months of therapy with salmeterol/fluticasone combination attenuated lung inflammation, as characterized by a reduction in the number of CD8 positive and CD68 positive cells in the airways of patients with severe, stable COPD; whereas fluticasone by itself had no effect [28] . Similarly, Barnes and colleagues observed a significant reduction in the expression of inflammatory biomarkers in the bronchial biopsies and sputum of COPD patients treated with salmeterol/fluticasone combination compared to those treated with placebo [27] . These data have been replicated and extended by Lapperre and colleagues, who showed that salmeterol/fluticasone therapy for 30 months reduced lung inflammation, attenuated the rate of decline in lung function, and improved bronchial responsiveness compared to salmeterol alone or placebo [29] . Inhaled corticosteroid/long acting beta-2 agonist combination may also attenuate the systemic inflammatory response in COPD 
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Test for heterogeneity: P = 0.56 Heterogeneity: Tau² = 0.06; Chi² = 12.20, df = 8 (P = 0.14); I² = 34% Test for overall effect: Z = 0.51 (P = 0.61) [30] , which is associated with morbidity and mortality [31, 32] . In addition to their anti-inflammatory effects, combination therapy results in greater bronchodilation than that achieved by the individual mono-components [13] . However, the combined bronchodilatory effects of inhaled corticosteroid/beta-2 agonists is no better than that achieved with tiotropium alone in COPD [15] . Despite this, the combination therapy results in superior health status, and reduced mortality compared with tiotropium alone [15] , suggesting that mechanisms other than bronchodilation and lung deflation are involved in the mortality benefits of combination therapy.
FORM vs Placebo
There were limitations to the present study. We did not have access to individualized data; thus, we could not adjust for potential confounders. However, to mitigate confounding, we chose large randomized controlled trials, which were of high quality (Jadad Score of 3 or greater) and had a reasonable duration of follow-up (6 months or greater), detailed accounting of all randomized patients in the study and reported excellence balance in terms of patient characteristics and clinical status between the active treatment and comparator arms. Secondly, there was some heterogeneity in the doses and drugs that were evaluated across the trials. We addressed this issue by grouping the studies together, stratified according to the drug formulation and dose and used a conservative method of pooling the data (i.e. a random effects model). Thirdly, we assessed total but not disease specific mortality. We did not evaluate disease specific mortality because assigning causality to deaths in COPD is problematic [11] . Moreover, certain drugs have been associated with increased risk of non-COPD related health events such as pneumonia [33] and stroke [34] , which could have been missed by focusing on COPD-specific mortality alone. Fourthly, we did not evaluate the effects of inhaled corticosteroids on total mortality because recent studies have established that these drugs do not impact on overall mortality and expert guidelines in general do not recommend inhaled corticosteroids as standalone therapies for COPD [13, 33] . Fifthly, some recent trials were performed on the background of bronchodilators, inhaled corticosteroids or both, which may have diluted the possible mortality benefits of the drug in question. This may be of particular concern in the most recent tiotropium trial in which a majority of study patients were taking ICS, LABA or both at the time of recruitment [35] . Additionally, none of the studies included in this meta-analysis except for Calverley et al.' s study [13] was powered on mortality. As such, patients with complex or life-threatening co-morbidities were generally excluded from these trials, which likely reduced the statistical power of the present study and limited the generalizability of the findings to patients with multiple co-morbidities. Another important consideration was the differential drop-out rate between the active treatment and the comparator arms of the study. Collectively, the patients in the comparator arm were more likely to dropout of the trials compared with those who were assigned to active treatment arm (38% versus 30%; p < .0001). Although the precise effects of differential drop-out rate are not fully known, it may have biased the results in favor of the comparator arm, as patients who drop out are generally sicker, less motivated and have poorer prognosis than those who remain in the study [36] .
COPD is a worldwide epidemic affecting ~10% of adults 40 years of age and older and accounting for more than 3 million deaths annually. In China alone, there will be nearly 1.5 million deaths this year from COPD [37] . Discouragingly, over the next 20 years, the worldwide Heterogeneity: Tau² = 0.00; Chi² = 6.67, df = 7 (P = 0.46); I² = 0% Test for overall effect: Z = 0.97 (P = 0. 33) mortality from COPD will double [38] . The totality of data from many large, randomized clinical trials indicates that the combination of inhaled corticosteroids and longacting beta-2 agonists prolongs survival in COPD but long-acting beta-2 agonists and tiotropium by themselves do not. The survival effect, however, is fairly modest and suggests a pressing need for additional pharmacotherapies that can reduce the overall mortality in COPD, which in less than 10 years will be the 3 rd leading cause of death worldwide. 
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